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CO ' We present an overview of angle-resolved photoemission spectroscopy (ARPES) studies 

of high-temperature cuprate superconductors aiming at elucidating the relationship between 
the superconductivity, the pseudogap, and the Fermi arc. ARPES studies of underdoped sam- 
O ' pies show a momentum dependence of the energy gap below T^ which deviates from a simple 

i^ ' d-wave form, suggesting the coexistence of multiple energy scales in the superconducting 

^ ' state. Hence, two distinct energy scales have been introduced, namely, the gap near the node 

(characterized by Ao) and in the anti-nodal region (characterized by A*). Dichotomy be- 
tween them has been demonstrated from the material, doping, and temperature dependence 
of the energy gap. While A* at the same doping level is approximately material independent, 
Ao shows a strong material dependence tracking the magnitude of Tc^max- The anti-nodal 
O ' gap does not close at Tc in contrast to the gap near the node which follows something closer 

to a BCS-like temperature dependence. An effective superconducting gap A^c defined at the 
end point of the Fermi arc is found to be proportional to Tc's in various materials. 

>■ 
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1. Introduction 

From the earliest studies of high- Tc cuprate superconductors, the origin of the pseudo- 
\^ , gap has remained unresolved and has been considered as the most fundamental problem for 

H ■ understanding the mechanism of high- Tc superconductivity. The central issue is whether the 

pseudogap is related to the superconductivity or is a distinct phenomenon from the super- 
conductivity. In the former scenario, a possible origin of the pseudogap is preformed Cooper 
pairs lacking phase coherence.^' ^' In that picture the pseudogap is a remnant of the super- 
conducting gap into the phase-incoherent regime and reflects the intrinsic pairing tendency of 
the underlying electronic states. In the latter scenario, the pseudogap arises from a competing 
order or fluctuations such as a density- wave^"^^ or antiferromagnetic correlation.^' ^•' 

It has been well known for more than 15 years that the pseudogap in the antinodal ~(7r,0) 
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region increases with underdoping and finally becomes much larger than the BCS value of 
2A --^ AksTc as observed by angle-resolved photoemission spectroscopy (ARPES)^' and tun- 
neling spectroscopy.^^ Such a large anti-nodal gap in the underdoped materials had sometimes 
been attributed to strong Cooper pairing. However, the energy gap measured by Andreev re- 
flection/''' temperature-dependence of penetration depth/^^ and Raman scattering of 62^ 
geometry/^' ^^' the latter of which probes the gap near the d-wave node and the former of 
which should be directly associated with superconductivity, exhibit different trends. That is, 
with underdoping, the gap magnitude near the node saturates around the optimal doping 
and then decreases or remains nearly constant, suggesting a different origin of the gap near 
the node from the anti-node. Stimulated by those experimental results, detailed investiga- 
tions of the energy gap in the momentum space by ARPES have recently been performed 
extensively. An ARPES study of Bi2Sr2CaCu208 (Bi2212) has revealed the presence of two 
distinct energy scales for the nodal and anti- nodal regions in the heavily underdoped regime. '^^^ 
A similar "two-gap" behavior has been observed in the single-layer cuprates for under- and 
optimally-doped regions such as La2_xSra;Cu04 (LSCO) and Bi2Sr2Cu06+5 (Bi2201).^^"^^' 
Also, a temperature-dependent angle-integrated photoemission study of LSCO has indicated 
two distinct energy and temperature scales of the gap."*^^' These observations are schemati- 
cally illustrated in Fig. 1 as a two-gap picture, where a gap from competing order coexists 
with a superconducting gap. In this picture, the gap in the anti-node A* is sufficiently larger 
than the gap near the node Aq, and the gap function shows a deviation from a simple d- 
wave form, indicating a crossover between the two kinds of gaps. When A* is comparable 
to or smaller than Aq, the clear deviation may not exist. The existence of competing order, 
which has spatial modulations of the charge like checkerboard, has also been suggested by 
scanning tunneling spectroscopy studies (STM) on Ca2-xNa2:Cu02Cl2.^^ Furthermore, NMR 
studies have revealed two distinct temperature scales in the relaxation rate corresponding to 
the pseudogap temperature T* and Tc.'^^''^^' 

In this review article, we shall give an overview of the results of ARPES studies dealing 
with the issue of the two gaps versus one gap. This article is written as follows: First, we 
demonstrate the material- and doping-dependence of the energy gaps. Next, we describe the 
temperature dependence of the energy gaps. Finally, we discuss the relationship between the 
observed energy gaps and Tc's based on the Fermi arc picture. ^^'^^•* 
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2. Material and Doping Dependences of the Energy Gap 

It has been weh known that T^ in the optimahy doped region (Tc^max) generally increases 
with the number (n) of adjacent Cu02 planes from single layer (n = 1), double layer (n = 2), 
to triple layer (n = 3). However, it has been unclear what governs the n dependence of Tc^max- 
In this section, we shall explain the energy gap of the single layer, double layer, and triple 
layer cuprates, focusing on the deviation of the gap function in the antinodal region from the 
simple d-wave form. 

First, we present the observation of the energy gap in the single-layer high- Tc cuprates 
La2-2:Sr2;Cu04 (LSCO) to define the two energy scales. In Fig. 2, we show the result of 
ARPES studies of LSCO by Yoshida et al}'^' Panels (a)-(c) show spectral weight mapping 
at Ep taken at T=20 K for each doping level and clearly illustrate the intensity suppression 
in the anti-node region due to the gap being maximum there. Panels (d)-(f) show that the 
leading edge midpoints (LEMs) of energy distribution curves (EDCs) at the Fermi momenta 
kp shift toward higher binding energies in going from the node to the anti-node, indicating an 
anisotropic low-temperature gap. The angular dependence of the gap for each doping is plotted 
as a function of the d-wave order parameter \cos{kxa) — cos{kya)\/2 in Fig. 3(a). Near the 
node (near | cos{kxa) — cos{kya)\/2 '^ 0), this plot obeys a straight line expected for the simple 
d-wave order parameter, but it starts to deviate upward around | cos{kxa) — cos{kya)\/2 ~0.7- 
0.9. Nearly the same results have been obtained for the optimally doped single-layer cuprates 
Bi2201.^^'^^' In order to characterize these behaviors of the energy gaps, one can define two 
energy scale parameters A* and Aq: A* is a gap closest to \cos{kxa) — cos(A;j^a)|/2 = 1 and 
Aq is the extrapolated value of the linear simple d-wave gap near the node to | cos{kxa) — 
cos{kya)\/2 = 1, as indicated in Fig. 1 and Fig. 3(a). In Fig. 3(b), the doping dependences of 
the A* and Aq values thus deduced are plotted. The doping dependence of A* is consistent 
with various spectroscopic data such as tunneling and Bi^-symmetry Raman scattering. ""^^^ 
A* ~ 30 meV for the x=0.15 sample is consistent with the other ARPES results of single 
layer cuprates, too.^^'^^' On the other hand, Aq remains unchanged in going from a;=0.15 to 
x=0.07, also the same as the result of Bi2201,^^' indicating a behavior contrasted with A*. 

Next, let us look at the energy gaps of bi-layer materials which have much higher T^s than 
the single layer materials. Energy gaps at lOK observed by ARPES for underdoped Bi2212 
are presented in Fig. 4}^''^^' As shown in Fig. 4(a), deviation from a simple d-wave form, 
becomes prominent with decreasing hole concentration, which is the same trend as the single 
layer cuprates as described above. On the other hand, one can find that the gap function of 
slightly underdoped Bi2212 with Tc= 92 K does not show a clear deviation from the simple 
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d-wave form. This is contrasted with the case of the single layer cuprates, where the deviation 
from the simple d-wave is prominent not only in the underdoped but also in the optimally 
doped samples (Fig. 3). This difference stems from the much larger size of the near- nodal gap 
Aq in Bi2212 than those of the single layer cuprates, making the condition A* > Aq difficult 
to study. Another interesting point in Fig. 4(a) is that the gap functions for various doping 
levels near the nodal direction are almost the same irrespective of the different T^'s. In the 
same manner as in Fig. 3, the extracted A* and Aq values of Bi2212 are plotted as functions 
of doping in Fig. 4(b). Aq is nearly independent of the hole concentration from the optimal to 
underdoped regions, in contrast with the anti-nodal gap A* which increases with decreasing 
doping. Thus, not only A* but also Aq do not trace the superconducting dome and, therefore, 
the relationship between the gaps and the Tc cannot be understood from the simple mean-field 
picture. 

In the case of the tri-layer cuprate Bi2Sr2Ca2Cu30io+5 (Bi2223), which has the highest 
Tc,max{ =110 K) among the Bi-family cuprates, energy bands and Fermi surfaces originating 
from the outer and inner Cu02 planes (OP and IP) have been observed by Ideta et al."^^' The 
hole concentration for the OP and IP bands deduced from the Fermi surface areas are 23% and 
7%, respectively. Hence, the average hole concentration is 18%, close to the optimal doping 
concentration --^16 %. One may think that the deduced hole concentrations are influenced by 
the hybridization between the orbitals in neighboring Cu02 layers. However, the inter-layer 
hopping is small because the two OP bands do not show clear splitting. Hence, the effects of 
the hybridization on the estimated values would be negligible. In Figs. 5(al)-(a3), we show 
the dispersions of the OP and IP bands in the superconducting state from the nodal to off- 
nodal cuts.^^^ The gap energies for both bands are very different, as in the case of other 
multi-layer cuprate Ba2Ca3Cu408F2 (F0234) with n = A?'^' The momentum dependence of 
the gap magnitude for OP is almost a simple d-wave, AQ\cos{kxa) — cos{kya)\/2 with Aq ^ 
43 meV, as shown by a straight line in Fig. 5(b). The earlier ARPES results of Bi2223, where 
no clear band splitting has been observed, give the gap value of ^ 40 meV, possibly reflecting 
the gap of the OP band.^^"^*^-* On the other hand, the gap for the IP band strongly deviates 
from the simple d-wave around the anti-node ^^ (it, 0). The gap size is therefore characterized 
by the two parameters Aq ~ 60 meV around the node and A* ^^ 80 meV in the aniti-nodal 
region. Because the deviation of the gap anisotropy from the simple d-wave is prominent in 
the underdoped cuprates, the observed gap anisotropy of the OP and IP are consistent with 
the doping levels of the OP and IP estimated from the FS areas. These energy gaps are much 
larger than those for the same doping level of the double-layer cuprates, which leads to the 
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higher T^ of Bi2223. Possible origins of the large superconducting gaps for the OP and IP is 
the minimal influence of out-of-plane disorder^^^ and/or interlayer tunneling of Cooper pairs 
between the OP and IP.'^^) 

Now, let us compare the two gap energy scales for various kinds of high- Tc cuprates. In 
Fig. 6, the doping dependences of A* and Aq for the single-layer, double-layer and tri-layer 
cuprates are plotted. Interestingly, the doping dependence of the A* of all these samples 
approximately scale with the doping dependence of T* estimated using various experimental 
techniques including ARPES as 2/S* /ksT* ~ 4. Furthermore, in the underdoped region, the 
doping dependences of the value of A* and T* are similar for all the systems irrespective of 
the very different Tc^max-^"^ Judging from the underdoped data, one can infer that A* is a 
universal property of a single Cu02 plane and is not strongly affected by interaction between 
layers. 

One possible explanation for the material independence of A* is that its magnitude is de- 
termined by the exchange interaction J, since J is almost material independent. A pseudogap 
originating from antiferromagnetic spin fluctuations®' ^^ or RVB-type spin singlet formation^^^ 
has its origin in J . Indeed, a phenomenological model where the pseudogap A* comes from 
the RVB gap explains the two characteristic gap energy scales. ^*^'^^' We should also note that, 
as discussed in the next section, the behavior of the anti-nodal gap A* is consistent with a 
density-wave order model^®^ and may be relative to the nanoscale inhomogeneity observed by 

In contrast to the nearly material-independent A*, the nodal d-wave order parameter Aq 
of the optimally doped Bi2212 is twice as large as those of LSCO and Bi2201. Furthermore, 
Bi2223 has even larger Aq's than Bi2212 as shown in Fig.6(c). These material dependence 
roughly follows the magnitude of maximum Tc- The strong material dependences of Aq imply 
that Aq is not only a property of a single Cu02 plane but also a property influenced by the 
apical oxygens, the block layers and/or the neighboring Cu02 planes. Namely, the number of 
Cu02 layers and/or the distance of the apical oxygen atoms (in the block layers) from the 
Cu02 plane might be important factors for determining the Aq and hence Tc^max- Influence 
from outside the Cu02 plane has been modelled using the distant-neighbor hopping param- 
eters, t' and t","^"^' which are affected by the pz orbital of the apical oxygen, the nearly filled 
Cu 3dz2 orbital, and the position of the empty Cu 4s orbital. 
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3. Temperature Dependence of the Energy Gaps and the Fermi Arc 

In the preceding section, we have demonstrated distinct doping dependence of the near- 
nodal and near-antinodal gaps, as well as a ubiquitous deviation from the simple d-wave 
form in underdoped samples. This is because the superconducting gap and the pseudogap 
may dominate in the nodal and antinodal regions, respectively. The different natures of the 
pseudogap and the superconductivity are also evident in their material dependences. In this 
section, we further emphasize their distinct behaviors via temperature dependent studies 
in different momentum regions. We discuss the interplay between the pseudogap and the 
superconductivity, and possible microscopic origins of the pseudogap. 

Figure 7(a) shows the temperature dependence of the gap in Bi2212 reported by Lee et 
al?^' At low temperatures, the symmetrized EDO's [panel (c)] on the Fermi surface near the 
node show two peaks above and below Ep- They shift towards each other with increasing 
temperature, indicating a gradual closing of the gap, and eventually merge into a single peak 
at Ep above T^, indicating the disappearance of the gap. Correspondingly, the peak above Ep 
in the raw spectra [panel (a)], which can be understood as the upper branch of the Bogoliubov 
quasi-particle, moves closer to Ep with temperature and disappears above Tc [panels (a) and 
(b)]. Note that the peaks abruptly disappear above Tc-, which cannot be explained by trivial 
thermal broadening. In panel (e), the temperature dependences of the gap size for several 
cuts evaluated from the symmetrized EDC's are summarized. The near- nodal gap closes at 
~ Tc^ reminiscent of the BCS theory, although the exact functional form may be different. 
This indicates that the gap near the node is primarily of the superconductivity origin. 

The lowest binding energy peak in the antinodal region, on the other hand, does not show 
a strong temperature dependence across T^, from the underdoped to the overdoped samples, 
as shown in Fig. 7(d). Interestingly, without closing the gap, the sharp superconducting QP 
peak almost disappears above T^^^'^^' The intensity of the QP peak below T^ scales with 
the superfluid density and the condensation energy^^^ This suggests that the temperature 
dependences of the gap magnitude and the spectral intensity in the antinodal region does not 
follow the weak-coupling BCS theory. Therefore, it is difficult to explain these two different 
types of temperature dependences in the different momentum regions of a single Fermi surface 
using a single order parameter. The existence of multiple order parameters is hence implied, 
and this further emphasizes the two-gap behavior and the nodal-antinodal dichotomy. Here, 
it should be noted that the dichotomous temperature dependence is not a sharp dichotomy in 
momentum space, but rather a crossover from the temperature dependence near the node to 
the temperature independence near the antinode. In fact, the temperature dependence in the 
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intermediate momentum region shows intermediate behaviors: the gap becomes smaller but 
does not close completely above T^. Moreover, at the lowest temperature even the slightly un- 
derdoped Bi2212 (UD92K) shows nearly the simple d-wave form, despite that the temperature 
dependences near the node and antinode are completely different as described above. Here, 
it should be noted that we also observe a superconducting QP peak even in the anti-nodal 
region well below T^.^^''^^' This suggests that contribution to the condensation energy from 
the anti-nodal electronic states is finite even though it is weakened by the pseudogap open- 
ing. It seems natural to consider that the superconducting gap near the antinode is strongly 
distorted by the pseudogap, leading to the deviation of the gap function and the coherent QP 
intensity from the simple d-wave functional form. 

Because of the nodal- antinodal dichotomy in the temperature dependence of the gap, as 
shown in Fig. 7, slightly above Tc, only a portion of the Fermi surface is recovered near the 
node. We refer to this ungapped portion of the Fermi surface above Tc as the "Fermi arc" . 
Here, we define the Fermi arc by the momentum region where symmetrized EDCs at kp have 
a single peak at Ep at each temperature above Tc. It thus looks as if the original hole-like 
Fermi surface is truncated into four pieces in the first Brillouin zone, although there are still 
debates whether the ungapped portion is actually part of the original Fermi surface or part of 
small hole pockets.^' '^^'^^•' The Fermi arc length seems proportional to the hole concentration 
and is shown to increase with temperature. ^^•' As shown below, the Fermi arc length slightly 
above Tc will be used in the analysis between energy gap and Tc- 

In Fig. 8, we show another case of the temperature dependence of the gap, namely, tri- 
layer cuprates Bi2223 reported by Ideta et al.^^' As in the case of Bi2212, the gap near 
the node has the simple d-wave form and closes just above Tc to form a Fermi arc, again 
suggesting the major contribution of the nodal region to the superconductivity. The gap 
function of the (underdoped) IP clearly shows the two-gap behavior well below Tc, and the 
Fermi arc length slightly above Tc is shorter than that for the OP, reflecting the lower hole 
concentration of the IP. The gap in the antinodal region of the (overdoped) OP remains open 
already above Tc with little temperature dependence, although the gap function well below Tc 
follows the d-wave form. A QP peak exists on the entire Fermi surface similar to the Bi2212 
case. Similar behaviors have also been reported in the single-layer cuprate families. ""^^'^^'^'^'^^^ 
These observation lead the conclusion that the nodal-antinodal dichotomy and the existence 
of the Fermi arc are the universal features of the cuprate. The almost BCS-like temperature 
dependence of the gap on the Fermi arc suggests that the Fermi arc is closely related to the 
sup er conductivity. 
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Focusing on the detailed temperature dependence of the antinodal pseudogap of the single- 
layer Bi2201, Hashimoto et al. have shown that the antinodal gap is not caused by supercon- 
ductivity but it is more consistent with a short-range density-wave order by studying the gap 
energy and the entire band dispersion.^^'^^-* Since the Tc (~ 34 K) of this system is low and 
the difference between T* {^-^ 125 K) and Tc is relatively large, one can study the pseudogap 
state between T^ and T* in great detail. As one can see from Figs. 9(b) and (c), above T* , 
the ARPES spectra along an antinodal cut [inset of Fig. 9(c)] show a parabolic dispersion 
crossing Ep. This is strikingly simple, like the dispersion in a simple metal, and we define kp 
unambiguously from the Fermi crossing points. Note that, since the superconducting peak is 
very weak in this compound, the pseudogap dispersion can be studied below Tc- The pseu- 
dogap opens at T < T*, and spectra at these lower temperatures are paradoxically broader 
than at higher temperature. We track the dispersion by the peak positions of EDCs at dif- 
ferent k points. In the 10 K spectra displayed in Fig. 9(d), no "back-bending" is observed at 
kp defined above T*. Instead, the dispersion bends back at momenta markedly away from 
the kp. Very importantly, this misalignment of the back-bending momentum and kp cannot 
be explained by the opening of a simple superconducting gap, which requires a gap with 
particle-hole symmetry. As shown in Fig. 9(a), one always expects the alignment of kp and 
the "back-bending" momentum of the dispersion in the superconducting state. Because of this 
strong constraint, it can be concluded that the observed behavior below T* is different from 
the expectation for the superconducting state, suggesting that the transition from the true 
normal state above T* to the pseudogap state has a different origin from Cooper pairing. The 
smooth temperature evolution upon cooling from the true normal state'^®' suggests a direct 
connection of the broken-symmetry state below T* with the pseudogap opening. Also, the 
temperature dependence of the antinodal gap in the ARPES spectra coincides with the re- 
sults of polar Kerr rotation and time-resolved reflectivity. ^^•' This particle-hole asymmetric gap 
may be explained by some sort of density wave order with short correlation length. It is found 
that the simulations of both the checkerboard density-wave order of orthogonal wave vectors 
and commensurate (vr, vr) density-wave order can qualitatively reproduce the misalignment 
of the back-bending momentum and kp and the stronger dispersion at lower temperatures. 
The anomalous broadening upon pseudogap opening could be understood if flnite correla- 
tion length of the density wave order is considered. ^^'^^•' Intriguingly, the density wave order 
considered here could be consistent with the momentum-integrated STM observations in real 
space. ^•' Furthermore, broken spatial symmetry with nematic order and its finite correlation 
length have been reported in the pseudogap phase. *^^' The observed nanoscale inhomogeneity 
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associated with local density-wave order is formally consistent with the spatially-averaged 
observation by ARPES, and supports that the pseudogap is a broken-symmetry state below 
r*. This pseudogap most likely competes with superconductivity, leaving the form of the 
interaction between the pseudogap and superconductivity as an open question. 

Now, we turn to the subject of scaling relationship related Tc in the high-Tc cuprates. 
The well known Uemura relationship relates the superfluid density with T^^^' for underdoped 
cuprates. Tallon et al.^^' have proposed a modified Uemura relation in which the value of Tc/A' 
plotted as a function of superfluid density, where A' is the maximum spectral gap obtained 
from the specific heat and Raman studies. Since an energy gap presumably due to competing 
order is open already above Tc, one may infer that the pseudogap weakens contribution to 
the condensation energy from the anti-nodal region as indicated by the superconducting peak 
ratio. ^^-^ Then, we propose another relationship between the Fermi arc and Tc. Here, we define 
the "effective" superconducting gap A^c, by the gap at the end point of the Fermi arc slightly 
above Tc, [oc(Fermi arc length) x Aq]. Then, Age rather than Aq would be more directly related 
to Tc.'^'^' Note that this is a T = Tc scaling relation rather than a T = scaling relation like 
the Uemura relation. 

In Fig. 10(a), we plot the nodal superconducting gap Aq measured by ARPES (Fig. 6) 
versus Tc for various high-Tc cuprates. For optimally-doped to overdoped samples, the exper- 
imental data follow the relationship 2Ao ^ dksTc, reminiscent of a strong coupling formula 
of d-wave superconductivity, and in the underdoped region, the plot becomes 2Ao ^ dksTc, 
deviating from the linear relationship between Aq and Tc- Next, we apply our scaling analysis 
with the Fermi arc length Ka- In Fig. 10(b), K^ for LSCO,^'^'^^) 612201,^^) 612212,25-42) ^nd 
the OP and IP of Bi2223^^^ are plotted as a function of doped hole concentration x. One finds 
that the Ka values of the various high-Tc cuprates approximately fall on a single line. Here, 
we should note that the magnitude of the antinodal gap A* in the underdoped region, which 
is nearly material independent, may have an inverse correlation with Ka, which may cause 
a material independence of Ka- The evolution of Ka with x implies increase of holes in the 
normal state. Tanner et al.^^' pointed out that the number of superconducting electrons n^ is 
empirically proportional to the number of normal state carrier n„: Ug ~ 0.2n„. Therefore, the 
Fermi arc length also scales with superfluid density ps = ns/m*,'^'^' where m* is the carrier 
effective mass. 

In Fig. 10(c), we have plotted the "effective" superconducting gap A^c = AQsm{Ka/kp) 
against Tc for various high-Tc cuprates. These data approximately fall on the straight dotted 
line (2A = AksTc) which is close to the d-wave BCS gap ratio 2Abcs = 4.3A;bTc.5^' It 
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should be noted that this relationship seems to hold even in the overdoped region. Hence, 
the "effective" superconducting gap A^c oc i^^Ao scales with T^ better than Ag does. This 
relationship is reminiscent of the relationship Tc oc xAq proposed by Lee and Wen^^^ and Oda 
et al?'^> The closer relationship between A^c and T^ than that between Aq and T^ implies that 
contribution to the condensation of superfluid from the anti-nodal region may be reduced 
due to the gap opening above T^. While the relationship between A^^ and T^ is close to the 
weak-coupling BCS formula 2/S.bcs — 4.3A;b7c [Fig. 10(c)], Aq satisfies the strong-coupling 
relationship 2Ao — dksTc [Fig. 10(a)] from the optimum to the overdoped regions. When the 
gap has a simple d-wave form in the overdoped samples, Aq may be comparable or larger than 
the magnitude of the gap from competing order. How the competing order fades away with 
doping in the overdoped region is an open question to be addressed in future studies. 

4. Conclusion 



We have presented an overview of the two-gap behaviors in the high- Tc cuprates observed 
by ARPES and described the doping, material, and temperature dependences of the energy 
gaps. Two distinct energy scales A* and Aq have been identified to describe the two-gap en- 
ergy structure where their momentum dependence sometime deviates from the simple d-wave. 
The observed energy gaps show dichotomy between the near nodal (characterized by Aq) 
and anti-nodal direction (characterized by A*) regions. While A* at the same doping level 
is nearly material independent, Aq shows a strong material dependence reflecting the mag- 
nitude of Tc^max- As for the temperature dependence, the gap near the nodal direction closes 
at Tc- In contrast, the anti-nodal gap does not close at Tc and its spectral features cannot be 
explained by conventional superconductivity, but consistent with a short-range density-wave 
picture. ^^' Therefore, the origin of A* is likely to be a density-wave order competing with 
the superconductivity, although finite contribution of the pseudogapped region to the super- 
conductivity may also exist. From Aq and the Fermi arc length, Ka, we define an "effective 
superconducting gap" Age, which scales with Tc through 2Asc — 4:kBTc, though this relation- 
ship does not imply that superconductivity is absent away from the Fermi arc below Tc. The 
results give a reasonable scaling with Tc for different materials. To fully elucidate the two-gap 
behavior, both phenomena, the competing order and the superconducting fluctuations, should 
be properly taken into account. This issue should be clarified in future studies of the electronic 
structure by ARPES and STM. 
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Fig. 1. (Color online) Schematic picture of the energy gap on the Fermi surface of the high- Tc cuprate 
superconductor. Deviation of the energy gap from the simple d-wave is characterized by the d- 
wave-like nodal gap (Aq) and the larger anti-nodal gap (A*). Above Tc, the gap in the nodal 
direction closes. The Fermi arc length Ka is defined by the zero gap region on the Fermi surface 
slightly above Tc. The gap becomes simple d-wave-like when A* becomes as small as Aq. 
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Fig. 2. (Color online) Fermi surface and energy distribution curves (EDCs) at kp in La2-a;Sra;Cu04 
(LSCO) with various doping levels taken at T— 20 K.^''') (a)-(c): Spectral weight mapping at Ep in 
momentum space for each doping level. Red dots indicate Fermi momenta kp defined by the peak 
positions of the momentum distribution curves, (d)-(f): EDCs at kp for each doping level. Black 
lines correspond to antinodal EDCs and vertical bars represent energy position of the antinodal 
gap. 



12/20 



J. Phys. Soc. Jpn. 



Full Paper 



> 

0) 



40 
30 



LU 



10 



0- 



"1 1 1 r 



La2.,Sr,Cu04 



A x=0.03 

20 h ■ x=0.07 

• x=0.15 

T=20K 



(a) 



;i »H jA 



hiT 



J I I I L 



0.2 0.4 0.6 0.8 1.0 

|cos(kxa)-cos(k a)| / 2 



- 400 



300 



- 200 




- 100 



Fig. 3. (Color online) Momentum dependence of the energy gap at r= 20 K in La2-£cSrj;Cu04 with 
various doping levels. ^^-' (a): Leading edge midpoints (LEM) Alem relative to that at the node, 
(b): Doping dependence of A* and Aq obtained by assuming the relationship Apeak — 2.2Alem- 
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Fig. 4. (Color online) Energy gaps for underdoped Bi2212. (a) Momentum dependence of the energy 
gap measured at 10 K.^'''^^^ A deviation from a simple d-wave form (dashed line) is observed near 
the antinode in underdoped samples with Tc < 92K. (b) Doping dependences of the nodal gap Aq 
and the anti-nodal gap A*. The T^, dome of Bi2212 is also plotted. 
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Fig. 5. (Color online) Energy gap in the superconducting state (r=10K) of optimally doped 
Bi2223.^^' (al)-(a3) Energy-momentmn intensity plots of the cuts from the nodal to off-nodal 
regions for the outer and inner Cu02 plane (OP and IP) bands. The corresponding cuts are 
shown in panel (a4). These data were taken with a photon energy of hi'= 11.95 eV. (b) Momen- 
tum dependences of the energy gaps for the OP and IP bands. The definition of the nodal gap Aq 
and the antinodal gap A* is shown. 
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Fig. 6. (Color online) Doping dependences of the characteristic energies (A*, Ao) and temperatures 
(r*,Tc) for the single-layer cuprates (LSCO, Bi2201) (a), the double-layer cuprates Bi2212 (b) 
and the tri- layer cuprates Bi2223 (c). Gap energies A and temperatures T have been scaled 
as 2A = A.^ksT in these plots. Parameter values have been taken from the ARPES studies 
of LSCO, 1^'^^) Bi2201,24) Bi22128'".25,52,53) ^^^^ Bi2223.26'28) y* foj. Bi2201 and Bi2212 have 
been taken from the NMR^°) and the transport studies, ^"'^ respectively. Agj, defined in the text 
approximately follows the Tc dome. Dashed curves are guide to the eye for A* and Aq. 
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Fig. 7. (Color online) Temperature dependence of the gap in Bi2212^^^ (a) Temperature dependences 
of the raw spectra at different kp^s near the node across Tc in underdoped Bi2212 (Tc = 92K, 
p ~0.14) at point A (upper panel) and B (lower panel). The upper Bogoliubov peaks are indi- 
cated by bars, (b) Temperature dependence of the energy position of upper Bogoliubov peaks, 
(c) Symmetrized EDCs across Tc at point A (upper panel) and B(lower penal), (d) Temperature 
dependence of the EDC at the antinode on the Brillouin zone boundary across Tc- Peak positions 
are indicated by bars, (e) Fitted gap size as a function of temperature at different near-nodal 
momenta, showing the BCS-like gap closing. 
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Fig. 8. (Color online) Momentum dependence of the energy gap along the Fermi surface at T ^ 
Tc and T > T^ in optimally doped Bi2223 (T^ = 110 K).'^^) (a) Symmetrized EDCs along the 
outer plane (overdoped) Fermi surface at 10 K. (b) Symmetrized EDCs along the inner plane 
(underdoped) Fermi surface at 10 K. (c)(d) Symmetrized EDCs above T^ (T = 115 K). (e)(f) 
Fitted gap size below and above Tc along the Fermi surfaces for the outer and inner planes (OP 
and IP), respectively. (g)(h) Schematic drawings of the evolution of the gap with temperature 
for the outer and inner planes, respectively. The Fermi arc length {Ka), Aq, A* and effective 
superconducting gap A^c are defined. 
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Fig. 9. (Color online) Particle-hole symmetry breaking in the antinodal pseudogapped dispersion of 
the single layer Bi2201. (a) Simulated dispersion for d-wave homogeneous superconductivity with 
order parameter V = 30 meV along (— tt, tt) — (tt, 0) — (tt, tt) . Note that the back-bending momentum 
is aligned to kp. (b) Experimentally determined temperature evolution of the dispersion across 
T* ^ 125 K. (c) EDCs in the ungapped state above T*. Inset shows the measured cut. (d) EDCs at 
10 K. Red EDCs are for kp- The dispersion shows no anomaly at kp. (e)(f) Simulated dispersion 
for Two long-range orders: (e) incommensurate checkerboard density-wave order of orthogonal 
wave vectors, [0.267r, 0], [0, 0.267r] and (f) commensurate [tt, tt] density- wave order with order 
parameter V = 15, 30 and 60 meV (from top to bottom). Back-bcndings are indicated by arrows. 
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Fig. 10. (Color online) Relationship between the nodal superconducting gap Aq, the Fermi arc length 
Ka, the superconducting gap at the edge of the Fermi arc A^c and T^ for various high- Tc cuprates. 
(a) Ao as a function of T^. Data are taken from ARPES resuhs for LSCO, Bi2201, Bi2212, Bi2223 
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